Objective: Since schizophrenia (SCZ) is often accompanied by hippocampal abnormalities and dysregulation of cytokine production, this study aimed to investigate the impact of the cytokine interleukin (IL)-18, whose biological system appears to be perturbed in SCZ, on brain structure and clinical severity in patients with chronic SCZ.
Schizophrenia (SCZ) is a complex illness of unknown etiology that is characterized by heterogeneous symptoms and that impairs high brain functions, leading to a chronic and debilitating clinical outcome.
A long list of susceptibility genes, along with neurobiological alterations in brain structure, physiology, and neurochemistry, as well as immune alterations, are potential contributory factors of SCZ. 1, 2 In patients with both first-episode and chronic SCZ, a diminution of hippocampal volume (HPV) has been broadly reported, 3 and modifications in both systemic and compartmentalized responses of cytokines have been suggested as state or trait markers 4, 5 ; however, few studies have considered the link between HPV and cytokine levels. 6 In particular, interleukin (IL)-18, which is expressed and tightly regulated in brain areas (including the hippocampus 7 ), tends to be elevated in the blood of patients with SCZ. [8] [9] [10] [11] Notably, the IL-18-specific inhibitor IL-18 binding protein (IL-18BP), a molecule able to modulate the activity of IL-18 by hampering its binding with the receptor, 12 is also increased in the blood of patients with SCZ, 13 suggesting that the whole IL-18 system is perturbed in a resilient way as a possible consequence of activated peripheral and central inflammatory responses.
With the aim to better characterize this alteration in SCZ, we investigated the relationships among the serum levels of bioactive IL-18, the neuroanatomical abnormalities of the hippocampal regions, and the severity of neuropsychiatric symptoms in patients with SCZ.
METHODS Participants. One hundred patients with SCZ diagnosed according to the DSM-IV-TR were initially identified as potentially eligible for enrollment and continuously recruited between January 2010 and December 2012 from 2 outpatient clinics in Central Italy. The diagnosis of SCZ was made independently by 2 clinicians who were trained until they reached an interrater reliability level of k $0.80. A senior psychiatrist confirmed all diagnoses using the Structured Clinical Interview for DSM-IV-TR Patient Edition. 14 Forty-five healthy controls (HCs), matched with the patients with SCZ in terms of age and sex, were also initially identified as potentially eligible for enrollment and continuously recruited. Exclusion criteria were as follows: (1) treatment with antiinflammatory or immunosuppressive medication; (2) presence of overt infectious disease or autoimmune disease; (3) history of alcohol or drug dependence or traumatic head injury; (4) presence of major unbalanced medical illnesses (e.g., nonstabilized diabetes, obstructive pulmonary disease or asthma, hematologic/oncologic disorders, vitamin B 12 or folate deficiency, pernicious anemia, clinically significant and unstable active gastrointestinal, renal, hepatic, endocrine, or cardiovascular disorders, and recently treated hypothyroidism); and (5) presence of vascular lesions, tumor, or clear cortical and subcortical atrophy on brain MRI. Presence, severity, and spatial location of lesions were analyzed following the Rotterdam Scan Study protocol. 15 Severity of psychotic symptoms was assessed in patients with SCZ using the Positive and Negative Syndrome Scale (PANSS). 16 The full scale is composed of 3 subscales: the 7-item positive subscale, the 7-item negative subscale, and the 16-item general psychopathology subscale (PANSS-PG). Episodic memory performance was assessed using the 15-minute immediate recall of the Rey 15-word list. 17 All patients were receiving stable oral doses of one or more atypical antipsychotic drugs such as risperidone, quetiapine, and olanzapine. Antipsychotic doses were converted to equivalent doses of olanzapine.
Standard protocol approvals, registrations, and patient consents. The present study received ethical approval from the institutional review board of Santa Lucia Foundation. After receiving a full written description of the study, each participant signed the informed consent document.
MRI procedures and HPV measurement. All participants underwent the same imaging protocol, including standard clinical sequences (fluid-attenuated inversion recovery, proton density and T2-weighted) and a high-resolution T1-weighted sequence obtained using a modified driven equilibrium Fourier transform sequence (echo time/repetition time 5 2.4/7.92 ms, flip angle 5 15°, voxel size 5 1 3 1 3 1 mm 3 ), in a 3T Allegra MR imager (Siemens, Erlangen, Germany) with a standard quadrature head coil. All planar sequence acquisitions were obtained in the plane of the anterior commissure-posterior commissure line. Particular caution was taken to center participants' heads in the coil and to restrain movements with cushions. Automated labeling and quantification of HPV was performed using FreeSurfer 4.05 installed on a Centos 6.0 Linux workstation. The global FreeSurfer stream and the automated procedures for volumetric quantification of deep gray matter structures have been described elsewhere. 18 Briefly, MRI volumes are registered to the Talairach space and the output images are intensity-normalized. Subsequently, the skull is stripped off through an automatic hybrid method that uses both watershed algorithms and deformable surface models. At this step, manual work is needed to edit those areas that should be corrected. Then, the output brain mask is labeled using a probabilistic atlas, 19 including up to 40 structures, assigning a neuroanatomical label to each voxel based on information estimated automatically from a manually labeled training set. The Freesurfer subcortical segmentation requires these steps: (1) optimal linear transform maximizing the likelihood of the input image, given an atlas constructed from manually labeled images; (2) nonlinear transform initialized with the linear one, in order to allow the image to further deform and better match the atlas; and (3) Bayesian segmentation procedure and maximum a posteriori estimate of the labeling. The procedure provides volume (in mm 3 ) of different deep gray matter assemblies, such as the thalamus, caudate nucleus, putamen, pallidum, amygdala, accumbens area, and, crucially for this study, the whole hippocampal formation (dentate gyrus, the ammonic subfields [CA1, CA2, CA3, CA4], the prosubiculum, and the subiculum).
Intracranial volume (ICV), which includes biological material such as meninges and CSF in addition to brain tissue, was calculated to correct the regional brain volume analyses. Specifically, we corrected the volume of each deep gray matter structure considered here for ICV according to the proportion method. 20 Serum sampling and IL-18/IL-18BP evaluation. Blood samples were drawn from all participants in the morning, following overnight fast. After centrifugation of clotted blood, serum aliquots were obtained and stored at 280°C. The measurement of total IL-18, IL-18BP, and free IL-18 was performed as reported in our previous publication. 13 Briefly, total IL-18 and IL-18BP levels were assessed by ELISA using a specific pair of antibodies (MBL, Nagoya, Japan) and a commercial ELISA kit (R&D Systems, Minneapolis, MN), respectively. Both assays were performed in duplicate following the manufacturer's instructions. Limit of detection was 12.5 pg/mL for both ELISAs. Free IL-18 levels were calculated based on the law of mass action, as previously reported. 13 Statistics. In order to detect statistically significant differences, comparisons between continuous variables were made using a series of 5 2-way analyses of variance, with right and left HPV and the 3 IL-18 values as the dependent variables and diagnosis and sex as the independent variables.
To determine the significance of the relationships between continuous variables, correlation analyses and Fisher r-to-z transformation were performed. Sociodemographic, behavioral, and anatomical predictors of free IL-18 were eventually assessed by means of stepwise multiple regression analyses (F to remove .4, p , 0.05) using IL-18 values as dependent variables and behavioral and hippocampal values as independent variables. This multivariate statistical method permits looking for relationships without inflating the risk of a type I error. Notably, we performed both forward and backward stepwise regression, considering all independent variables jointly.
The level of statistical significance was defined as p , 0.05. StatView software (SAS Institute Inc., Version 5.0.1, Cary, NC) was used for statistical analyses.
The initial sample size of our study was selected for estimating the impact of IL-18 on brain structure and symptom severity in patients with SCZ rather than for comparing the cytokine levels between patients with SCZ and HCs; the latter was described in our previous publication. 13 Hence, in order to evaluate relationships among variables, the patient sample size was calculated to show an R 2 significantly different from 0 in the multiple regression between IL-18 as dependent variable and HPV, PANSS depression factor, sex, illness duration, and Rey 15-word immediate recall score as predictors. 21 In this framework, to have a medium-large Cohen 13 the serum levels of free bioactive IL-18 were comparable in patients with SCZ and HCs, despite the increase of both total IL-18 and IL-18BP observed in patients with SCZ compared to HCs. Furthermore, there was no diagnosis by sex interaction for the 3 IL-18 system molecule values. No relationships were found in patients with SCZ between the equivalent doses of olanzapine and the levels of any form of IL-18 or IL-18BP.
As shown in table 2, hippocampal right and left volumes were found to be smaller in patients with SCZ than in HCs. There was no diagnosis by sex interaction for the 2 HPVs. Thus, the differences between HCs and patients with SCZ in the serum levels of IL-18 system molecules, as well as in total HPV, were independent of sex in both groups, even though in our setting men have increased levels of total and free IL-18 (but not IL-18BP) and total hippocampal right and left volumes compared with woman in both HC and SCZ groups (data not shown, available upon request).
Relationships between serum levels of IL-18 and HPV.
Since IL-18 has been previously related to hippocampal functions and patients with SCZ have HPV reduction, we considered the relationships between peripheral levels of IL-18 and HPV measures in our SCZ sample.
No relationships were observed between total IL-18 levels and hippocampal volumetric data. Higher IL-18BP levels were slightly related to smaller total vol- Relationships between serum levels of bioactive IL-18 and symptom severity. Given the association between bioactive IL-18 serum levels and structural hippocampal abnormalities in patients with SCZ, we aimed to identify the potential impact of the circulating amounts of bioactive IL-18 on the severity of SCZ symptoms. Thus, a correlative analysis was performed between the serum levels of free IL-18 and the score of the positive, negative, and psychopathology PANSS subscales, as well as each single item of the subscales. No relationships were observed between the levels of the 3 molecules belonging to the IL-18 system and the score of the PANSS subscales or their single items, apart from the depression factor (i.e., the sum of depression, anxiety, and feelings of guilt item scores) in the PANSS-PG subscale. In fact, as shown in figure 2, SCZ patients with increased levels of free IL-18 exhibited lower scores on the depression factor of the PANSS-PG subscale (r 5 20.30; p 5 0.011).
No significant relationships were observed between symptom severity data and the levels of total IL-18 or IL-18BP.
Finally, SCZ patients with a lower depression factor score showed an increased volume of both left (r 5 20.24; p 5 0.044) and right hippocampus (r 5 20.32; p 5 0.007). Multivariate regression models of free IL-18. Two different stepwise regression analyses were performed for free IL-18 values and left and right HPV in order to avoid collinearity between HPV of the 2 hemispheres. In the overall sample of patients with SCZ, the first stepwise forward analysis including left HPV, PANSS depression factor, sex, illness duration, and Rey 15-word immediate recall score as independent variables indicated that left HPV (standard coefficient 5 0.232; F to remove DISCUSSION The immune system may be of great relevance in SCZ, as inflammatory events may play a role in its pathogenesis. 22 Cytokines are key mediators of the immune-brain cross-talk, and the proinflammatory cytokine IL-18 is an element of emerging importance in this scenario. 7 In fact, besides being constitutively produced in microglia and neurons, its elevation in the hippocampus (a region responsive to proinflammatory cytokines and of special interest in SCZ) is a persistent consequence of inflammatory insults leading to behavioral modifications. 23 Regarding its biological activity, IL-18 has many roles in the brain, ranging from proinflammatory activity and promotion of neuronal death and dysfunction in neurodegenerative conditions to optimal microglia activation and facilitation of basal synaptic transmission in hippocampal neurons. 24, 7 In this study, we investigated the role of IL-18 in SCZ by addressing the question of whether the circulating levels of IL-18 were related to both changes in HPV and symptom severity in patients. The measure of cytokine blood concentration is most likely relevant to brain changes because the expression levels of biological processes are often comparable between whole blood and brain, 25 and cerebral function may be affected by peripheral levels of cytokines, even if these are present in low amounts. 26 We found that serum levels of total IL-18 and its inhibitor were increased in our patient group compared with HCs, whereas the levels of the bioactive form of the cytokine were not significantly different between patients with SCZ and HCs. Furthermore, no association between variation of the levels in any IL-18 system molecules and antipsychotic medications was observed in our patient group. These results fully reproduce our previous data, obtained in a partially coincident sample of patients with SCZ and HCs, 13 confirming the perturbation of the IL-18 system in patients with SCZ, though with no significant changes in blood levels of bioactive IL-18 and independent from antipsychotic treatment. Moreover, as broadly reported in the previous literature, 3 we observed a bilateral volume reduction in hippocampal regions in patients with SCZ compared with HCs.
A new finding emerging from this study was the correlation between lower serum levels of free IL-18 and decreased HPV in patients with SCZ. This relation was evident only in patients with SCZ (not in HCs) and only when the free form of the cytokine was considered. Thus, although not different between patients with SCZ and HCs, there may be a specific role for bioactive IL-18 in modulating hippocampal structure, evidenced by the tendency of higher levels of the cytokine inhibitor IL-18BP to correlate with smaller HPV in patients with SCZ. On the whole, the bioactive form of IL-18 may play a protective role in the hippocampus of patients with SCZ, while IL-18 counteraction by IL-18BP may oppose the IL-18 effects on HPV changes. This might be possible in light of the ability of IL-18 to regulate neurogenesis, as recently suggested in an animal model with higher hippocampal IL-18 levels associated with higher numbers of new neurons and improved hippocampal function. 27 Even if in disagreement with studies conducted in other neurologic disturbances in which IL-18 was supposed to promote brain damage, such as in neurodegeneration-dependent impairment of Figure 2 Association between serum levels of IL-18 and symptom severity in patients with schizophrenia
Scatter plot shows a negative correlation between free bioactive interleukin (IL)-18 levels and the depression score on the Positive and Negative Syndrome Scale (PANSS) general psychopathology subscale. Solid line represents linear regression.
cognitive functions, 28 these results are consistent with the growing evidence that in certain conditions IL-18 may act as a neuroprotective factor in the hippocampus. 29, 30 In addition, a recent publication points to IL-18 as an activator of JAK-STAT pathway through STAT3 in hippocampal cells, 31 demonstrating that IL-18 can act directly on neuronal cells, possibly regulating the expression of specific genes that may be involved in synaptic plasticity and in the maintenance of adult neurogenesis. 32 Another important finding of this study supporting the hypothesized protective role of bioactive IL-18 in this clinical context is the relationship between higher free IL-18 levels and lower scores on the PANSS depression factor in patients with SCZ. Regarding the impact of IL-18 on SCZ symptoms, it has been shown that serum IL-18 was higher in chronic SCZ patients with higher PANSS-PG subscores, 10 whereas more recently the same authors reported that higher IL-18 levels were associated with increased cognitive performance in first-episode drugnaive patients with SCZ. 11 The results of these studies are unlikely to be comparable with ours mainly because we took into consideration the bioactive form of IL-18, whereas the 2 studies measured only total IL-18, and also because of differences in total IL-18 levels, likely ascribable to the diverse state of disease progression of each study, as well as methodologic dissimilarities.
Regarding IL-18 impact specifically on depressive symptoms, there is general evidence that a link between IL-18 and depression exists, since IL-18 may participate in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis activity following stress response, 33 and dysregulated HPA axis activity may contribute to the onset of depression. IL-18 has been consistently described as a psychological stress-associated marker both in animal models of depression 34 and in the clinical setting, where increased serum levels of IL-18 have been observed in patients with depression 35 and high IL-18 production may increase susceptibility to depression following stress. 36 On the other hand, a potential protective effect of this cytokine on depressive symptoms has been reported in stroke patients, 37 highlighting the possibility that IL-18-dependent immunobiological mechanisms involved in the progression of depressive symptoms might differ depending on the type of specific depressive disturbance occurring in the context of diverse clinical conditions.
In the current study, the association between free IL-18 levels and the severity of depression may mirror the cytokine effects on the hippocampus. Indeed, there is a strong connection between hippocampal size and depression, with HPV generally reduced in patients with depression, particularly in its tail, as observed in both major depression and SCZ. 38 Accordingly, in this study we observed that HPV was reduced in patients with SCZ in association with increased depressive symptom severity, in agreement with previous reports describing that reduced volume of the right and left hippocampus is related to the severity of subclinical depression symptoms. 39 The results we obtained with the multiple regression analysis supported a causal relationship between IL-18 levels and psychopathological outcome and brain structure of SCZ, since depression and (left) HPV were both significant predictors of free IL-18 values in patients with SCZ. This finding corroborates the hypothesis that the modulation of the immune response induced by this cytokine may protect chronic patients from SCZ progression, possibly by attenuating the severity of depressive symptoms through mechanisms that directly or indirectly influence hippocampus integrity. This circumstance might occur despite the lack of difference in free IL-18 serum levels between patients with SCZ and HCs, which is probably due to the suppression of this cytokine exerted by the IL-18BP elevation, which characterizes disease progression. 13 This suggests that more complex mechanisms of IL-18/IL-18 receptor system modulation and signaling may exist in the brain vs the periphery, as demonstrated by recent evidence. 31 However, more research is certainly warranted to determine how IL-18 activity, hippocampal size, and symptom progression are linked together, which of these factors are driving and which are driven, and, ultimately, which molecular mechanisms underlie the IL-18 contribute to SCZ pathogenesis and/or progression. Furthermore, the present study may be limited by the relatively small sample size, and larger studies should be performed to validate our findings.
Despite its limitations, our study reports the psychopathological and brain structural correlates of circulating bioactive IL-18 in SCZ, confirming a significant interaction of this cytokine with the disturbance. In addition, our study prompts reconsideration of the multifaceted role of IL-18 in brain disorders and its suitability as a target in the development of anti-inflammatory therapeutic intervention against SCZ, a fast-growing area of research.
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